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Objective: Determine the effect of loading upon MRI-based mean medial femorotibial cartilage thickness
(mMFT_th) and radiograph-based minimum joint space width (mJSW), and determine loading’s effect on
the relationship between these measures.
Methods: MRI and radiographs were analyzed of 25 knees in weight-bearing and non-weight-bearing
conditions. Eight subjects had a KellgreneLawrence (KL) grade of 0, indicating no evidence of radio-
graphic OA. The rest were KL ¼ 2 or KL ¼ 3, indicating mild to moderate OA. The change from unloaded to
loaded conditions was calculated.
Results: Joint space measures decreased from unloaded to loaded conditions for both radiographs
(mJSW ¼ 3.29 mm unloaded to 3.16 mm loaded, P < 0.05) and MRI (mMFT_th ¼ 2.70 mm unloaded to
2.55 mm loaded P < 0.001). The mean absolute difference measured from radiographs was larger for the
OA group than the control group, at 0.20 mm for OA vs þ0.01 mm for control. Loaded X-ray and loaded
MRI joint space values from our study were no better correlated to one another than loaded X-ray and
unloaded MRI.
Conclusion: Knee loading does not add a very signiﬁcant value to the study of joint space on healthy
knees, but loading may play a role in the study of OA knees. Unloaded MRI assessments of cartilage
thickness are as correlated to loaded JSW as to loaded MRI measurements. More study is necessary to
determine whether loaded MRI adds signiﬁcant value to the study of OA progression.
Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.Introduction
Osteoarthritis (OA) is a prevalent and costly disease: in 2005,
almost 27 million people had clinical OA in the United States, and
OA was estimated to cost the United States $89.1 billion in 20011,2.
Despite these costs, patients with OA have few options other than
symptom management with exercise, NSAIDs or intra-articular
injections, or surgery3,4.
Minimum joint space width (mJSW) measurements from ra-
diographs are used to observe joint space narrowing (JSN), the gold: M. Marsh, Musculoskeletal
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r Ltd on behalf of Osteoarthritis Restandard for measuring OA progression5e7. While JSN has been
shown to be a predictor for knee surgery, it presents challenges as
an endpoint in clinical studies of OA interventions6. These include
requiring study lengths of at least 1 year, reproducibility issues, and
detection of OA progression only in the moderate to late stages of
the disease4,7e9. Therefore, MRI has been used to complement X-
rays in OA research5,10e12. MRI directly images cartilage, allowing
researchers to non-invasively observe the cartilage of the joint12.
Even though MRI-measured cartilage thinning is a predictor for
total knee arthroplasty, OA progression determined from these
measures has not been shown to correlate well with mJSW progres-
sion from X-rays taken of the same knee12e14. Additionally, variable
results have been reported as to whether MRI-determined cartilage
thickness is as sensitive to OA progression as JSN: MRI was shown to
be less sensitive than Lyon-Schuss radiography, but in a larger sample
MRI was more sensitive than ﬁxed-ﬂexion radiographs13,14. A hy-
pothesis for this disagreement is thatX-rays are takenwhile standing,
whereas MRI images are acquired without loading on the knee15e17.search Society International.
Fig. 1. Schematic representation of the custom-made MR compatible device used to load knee joint during scanning. Right: ﬁrst scan is acquired with no loading on leg. Left: weight
applied to the device outside the scanner is transferred through pulleys to the foot plate, simulating standing, and the second scan is acquired.
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matics in healthy and OA subjects, and therefore change mJSW13,14.
Speciﬁcally, cartilage swelling in early OA may be observed in
unloaded MRI images, but compressed in radiographs18e21.
This study aims to investigate the impact of joint loading on
mJSW in X-ray and cartilage thickness measurements in MRI. It
hypothesizes that there will be a signiﬁcant difference between
loaded and unloaded conditions in mJSW and in MRI-measured
medial femorotibial cartilage thickness. Furthermore, it hypothe-
sizes that cartilage thickness measured from the loaded MRI will
better correlate with the typical loaded mJSW values than will
cartilage thickness measures from unloaded MRI.
Methods
Subjects
Radiographs and MRIs were obtained of the right knees of
thirty-one women with a mean age of 55 years (standard
deviation  6.6) years and a mean BMI of 28 (2.2) kg/m2 in
weight-bearing (loaded) and non-weight-bearing (unloaded) con-
ditions. Of the 31 subjects, 11 had no radiographic signs of OA
(KellgreneLawrence (KL) grade ¼ 0), 10 had mild (KL2) OA, and 10
had moderate (KL3) radiographic OA22.
The inclusion criteria for the OA cohort were females greater
than 40 years of age; knee pain, aching, or stiffness on most days of
a month during the past year; and radiographic evidence of OA in
the study knee, determined by a KL grade of 2 or 3. Additionally, the
medial joint spacewidth was less than the lateral joint space width,
indicating medial OA disease.
The inclusion criteria for the control cohort were females,
greater than 40 years, no history of frequent knee pain, aching, or
stiffness during the past year, and no radiographic evidence of OA
(KL ¼ 0) on either knee.
Informed consent was obtained from all subjects after the na-
ture of the study had been fully explained. The study was approved
by the Committee for Human Research, the Institutional Review
Board at UCSF.
Six subjects were excluded from the study because of poor
radiograph acquisition geometry; the beam angle was not similar
enough between standing and prone radiographs to make the
readers conﬁdent that mJSWmeasurements would be comparable.
This left a total of n ¼ 25 subjects for analysis, including eight
subjects whowere KL¼ 0, nine subjects whowere KL¼ 2, and eight
subjects who were KL ¼ 3.
X-ray acquisition
X-ray images were acquired from all subjects in a modiﬁed
Lyon-Schuss weight-bearing position using a Synaﬂexer (Synarc,San Francisco, USA) plexiglass positioning frame for both loaded
and unloaded radiographs. The loaded X-ray was acquired with the
subjects standing, and the unloaded X-ray was acquired while the
patient was lying prone on an exam table on top of the Synaﬂexer,
positioning the leg exactly as is done in the standing version, in the
morning after 30 min of unloading.
MRI acquisition
MR images were acquired on a 3T scanner (Signa HDx, General
Electric, Milwaukee, WI), using an eight-channel phased array
transmit-receive knee coil (Invivo, Gainsville, FL) and an in-house
built loading apparatus mounted on the scanner table used to
simulate standing16,17. Figure 1 depicts the loading device.
Two MRI sequences were obtained of the study knee for each
patient. All imaging was performed in the morning hours to control
for the effects of loading during daily activity on knee cartilage
deformation. One half hour prior to imaging, the subjects arrived at
the MRI suite and were seated in a wheelchair for 45 min prior to
entering the MRI scanner facility, in order to mitigate effects of
loading prior to the scan23e25. Subjects were then positioned su-
pine in the MRI scanner on the loading frame. The study knee was
positioned with 15 ﬂexion and 10 external foot rotation,
approximating the positioning used with the Synaﬂexer device for
radiographic acquisition. After the ﬁrst set of MRI sequences,
the loading device was used to create an axial load equal to 50%
of the subject’s body weight against the leg being imaged, simu-
lating static standing. This load was applied from approximately
10 min prior to the beginning of acquisition of cartilage thickness
sequences through the end of the scan.
The MR image protocol included a coronal 3D water excitation
high-resolution spoiled gradient-echo; high-resolution, spoiled
gradient-echo (SPGR) images; sagittal fat-saturated T2-weighted
fast spin-echo (FSE) images; and coronal fat-saturated T2-weighted
FSE images. For this study, we used the coronal SPGR sequence (1.5-
mm slice thickness (no inter-slice gap) and an in-plane resolution
of 0.42 mm  0.83 mm interpolated to 0.31 mm  0.31 mm for
segmentation purposes; TR ¼ 24 ms; TE ¼ 6.8 ms; ﬂip angle 18;
matrix 384  192 interpolated to 512  512; ﬁeld of view¼ 16 mm,
number of excitations ¼ 2, acquisition time ¼ 4:44 min), using a 3-
T MRI (Signa HDx, General Electric, Waukesha, WI, USA) and an
eight-channel phased array transmit-receive knee coil (Invivo,
Orlando, FL, USA).
Image analysis
X-ray-based mJSW measurement
A reader blinded to subject used a spline-based program
developed in-house using MATLAB (The MathWorks, Natick, MA,
USA) to manually delineate medial joint space edges (see Fig. 2).
Fig. 2. Joint space width splines (magenta and blue) and mJSW (red), indicated by arrow.
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Ten images were segmented a second time by the same reader and
mJSW was found for both the original and the second segmenta-
tions to determine intra-observer repeatability. The RMSD of the
difference in mJSW between the two readings was 0.15, making the
coefﬁcient of variation (CV) ¼ 4.6%. The minimum Euclidian dis-
tance between the femoral and tibial splines was calculated for
each interpolated point along the two splines, and used to deter-
mine mJSW26e29. A straight line was manually drawn across the
tibia to determine the width of the tibial plateau. Another small,
manually-inserted line marked the location of the medial tibial
spine. These values were used to determine the location of the
mJSW relative to themedial tibial spine and normalize this distance
by the total width of the tibia, correcting for differences in bone size
across patients; see equation (2) below. Figure 3 depicts the lines
used for this normalization.
MRI-based meMFT_th measurement
The slices the MFC and MT were semi-automatically segmented
using the same in-house spline-based MATLAB program26e29. The
femoral ROI slices were bounded by the ﬁrst slice containing the
trochlea and the last slice without partial voluming of the posterior
femoral condyles.Fig. 3. The short spline marks the location of the medial spine of the tibia (magenta).
The location of the mJSW is represented by the red line; the distance between these
two points was measured to ﬁnd the distance from the medial spine of the tibia to the
location of the mJSW. The long spline was drawn across the width of the tibia and its
length was used to normalize the change in the mJSW location from unloaded to
loaded. mJSW_loc_diff was expressed as [(Distprone  Diststanding)/Width]*100%.The thickness of the MFC and MT was calculated for each point
along the boneecartilage interface using the minimum 3D
Euclidian distance between the cartilageebone interface and the
articular surface26e29. Themean thickness of theMFC and of theMT
was determined and these two values were summed to ﬁnd the
mean cartilage thickness of the medial femorotibial compartment
(meMFT_th). To assess scanerescan reproducibility, four healthy
subjects were rescanned within 2 weeks after the initial scan. The
average CV for the cartilage thickness was 2.2%. Figure 4 shows an
example of the MRI segmentations for one slice.
The minimum Euclidian distance was found between the bone-
cartilage interface of the tibia and the femur for each slice, and the
minimum value was recorded as mMFT_dist, the minimum dis-
tance between the femur and tibia. This calculation used the same
segmentations as above but excluded the tibial spine in order to be
as similar as possible to mJSW.
Statistical analysis
The means and standard deviations of the loaded and unloaded
mJSW, meMFT_th, and mMFT_dist were calculated and these
values and the percent differences from unloaded to loaded were
examined for all patients and for the different KL groups. Percent
change from unloaded to loaded, was calculated as
Percent change ¼
ðunloaded loadedÞ
unloaded

*100%; (1)
and grouped according to KL score, and the standardized response
mean (SRM), (mean change)/(standard deviation of change), from
loaded to unloaded was found. The horizontal distance from the
location of the mJSW to the medial tibial spine (mJSW_loc) was
found in both loaded and unloaded conditions, and the change in
mJSW_loc relative to the width of the tibia (mJSW_loc_diff) was
found from prone to standing using the following equation:
mJSW_loc_diff ¼

distP  distS
width

*100% (2)
where distP is the mJSW_loc for the prone radiograph, distS is the
mJSW_loc for the standing radiograph, and width is the width of
the tibia.
The mJSW, meMFT_th, and mMFT_dist from each loading con-
dition were compared for both X-ray and MRI using Student’s t
tests. The meMFT_th data violated the assumption of a Gaussian
and symmetric distribution, which is to be expected with such a
small cohort, so Fisher’s Sign Test was also performed. Additionally,
the percent differences were evaluated using both the t-test and
the Wilcoxon signed rank test. These tests were performed on the
entire cohort and on the separate KL groups.
Fig. 4. Segmentation of MRI images (one slice shown), delineating the cartilages of the
medial femoral condyle and the medial tibial plateau. The thickness was calculated for
each segmentation at each point along the spline at the articular surface. Thicknesses
for all slices yielded a mean thickness of the medial tibial cartilage and a mean
thickness of the cartilage of the medial femoral cartilage, which were added together
to get meMFT_th.
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mJSW vs the loaded and unloaded mMFT_dist and meMFT_th.
The variances of the mJSW_loc_diff between OA and control
patients were compared with the BrowneForsythe test to deter-
mine whether OA corresponds to more movement in mJSW_loc
with loading.
BlandeAltman plots were constructed to compare meMFT_th
and mMFT_dist with mJSW.
Results
All three measures (mJSW, mMFT_dist, and meMFT_th)
decreased from unloaded to loaded conditions. There was a
signiﬁcant decrease (P < 0.05) in mJSW from the unloaded
(mean SD¼ 3.29mm 0.83mm) to loaded (3.16mm 0.92mm)
condition. The meMFT_th also decreased signiﬁcantly (P < 0.005)Table I
Mean joint space measures by KL score
# Subjects Unloaded (mm) Loaded (mm) Difference from unlo
X-ray mJSW
KL ¼ 0 8 3.32 3.34 0.01
KL ¼ 2 9 3.46 3.19 0.26
KL ¼ 3 8 3.08 2.95 0.13
25 3.29 3.16 0.13
MRI meMFT_th
KL ¼ 0 8 2.64 2.52 0.12
KL ¼ 2 9 2.71 2.58 0.13
KL ¼ 3 8 2.74 2.55 0.20
Global 25 2.70 2.55 0.14
MRI mMFT_dist
KL ¼ 0 8 3.11 2.91 0.20
KL ¼ 2 9 3.26 2.86 0.40
KL ¼ 3 8 3.07 2.67 0.40
Global 25 2.82 3.15 0.34
*Signiﬁcant (P< 0.05) difference from unloaded to loaded within the group/subgroup. # m
The column containing the CI represents the 95% CI for the mean change from unloadedfrom unloaded (2.70 mm  0.54 mm) to loaded (2.55 mm 
0.50 mm), as did the mMFT_dist (unloaded ¼ 3.15  0.73, loaded ¼
2.82  0.75).
When partitioned according to KL grade, the decreases from
unloaded to loaded for mJSW, meMFT_th, and mMFT_dist were not
statistically signiﬁcant according to Fisher’s Sign test, although
there was a trend towards signiﬁcance (P < 0.1) within the KL ¼ 3
and KL ¼ 0 group for meMFT_th and in the KL ¼ 3 group for mJSW
and mMFT_dist. Means, standard deviations, exact P-values, and
conﬁdence intervals (CIs) for all groups are reported in Table I.
Means, standard deviations, CIs for the mean, exact P-values,
and the SRM for percent difference from unloaded are reported for
mJSW, meMFT_th, and mMFT_dist for all groups in Table II. The
mean percent difference was greatest for the mMFT_dist
at 10.52%  15.52%, and was 5.23%  6.20% for the meMFT_th
and 4.57%  10.31% for mJSW. These differences were statistically
different from zero according to the t-test and the Wilcoxon signed
ranks test (P< 0.05). The SRM formeMFT_th (0.84) is greater than
that for either mMFT_dist (0.68) or for the mJSW (0.44), largely
due to a smaller standard deviation in the meMFT_th.
The mean absolute difference of the mJSW (unloaded  loaded)
was larger, i.e., the cartilage or meniscus compressed more, for
patients with KL ¼ 2 or 3 than for patients with KL ¼ 0 in mJSW,
mMFT_dist, and meMFT_th, but the CIs overlapped for these sub-
groups. These values and their standard deviations are reported in
Table III.
Location of mJSW in radiographs from unloaded to loaded
Unloaded mJSW_loc was 16.58  5.31 mm, and loaded
mJSW_loc was 17.18  5.94 mm. In subjects with KL ¼ 0, unloaded
mJSW_loc was 15.25  5.55 mm and loaded mJSW_loc was
14.98  5.61 mm. In patients with KL ¼ 2 or KL ¼ 3, the prone
mJSW_loc was 17.21  5.25 mm, and standing mJSW_loc was
18.22 5.97mm. There is no signiﬁcant difference between OA and
control in the prone (P ¼ 0.56) or standing (P ¼ 0.15) conditions
using the Wilcoxon ranked sum test. These results are summarized
in Table IV.
For most subjects, the change in location of the mJSW
(mJSW_loc_diff) was fairly small, with a mean of 0.7%  4.12% of
the width of the tibia. Two outliers, both from the OA cohort,
accounted for the large standard deviation: these subjects moved
by12.5% and13.4% relative to the total width of the tibia. In both
of these cases, the mJSW_loc was more medial under loading than
it was without joint loading, as indicated by the negative value.aded (mm) P-value (t-test) CI (low) CI (high) P-value (Sign test)
P ¼ 0.92 0.30 0.33 P ¼ 1.00
P ¼ 0.03* 0.50 0.03 P ¼ 0.18
P ¼ 0.04* 0.25 0.01 P ¼ 0.07#
P ¼ 0.04* 0.26 0.01 P ¼ 0.04*
P ¼ 0.03* 0.22 0.02 P ¼ 0.07#
P ¼ 0.04* 0.25 0.01 P ¼ 0.51
P ¼ 0.05* 0.38 0.00 P ¼ 0.07#
P ¼ 0.00* 0.22 0.08 P ¼ 0.00*
P ¼ 0.04* 0.53 0.13 P ¼ 0.29
P ¼ 0.08 0.71 0.09 P ¼ 0.18
P ¼ 0.03* 0.73 0.06 P ¼ 0.07#
P ¼ 0.00* 0.52 0.15 P ¼ 0.00*
eans a trend failing to achieve signiﬁcance (P< 0.1) “Global” contains all subgroups.
to loaded.
Table II
Mean and standard deviations of percent difference from unloaded [(unl  load)/unl]*100
# Subjects Mean SD SRM P-value (t-test) CI (low) CI (high) P-value (Wilcoxon signed ranks test)
X-ray % diff from unloaded
KL ¼ 0 8 0.76 14.44 0.05 P ¼ 0.89 12.83 11.31 P ¼ 0.95
KL ¼ 2 9 8.65 9.63 0.90 P ¼ 0.03* 16.05 1.25 P ¼ 0.04*
KL ¼ 3 8 3.80 3.31 1.15 P ¼ 0.01* 6.56 1.03 P ¼ 0.02*
Global 25 4.57 10.31 0.44 P ¼ 0.04* 8.83 0.32 P ¼ 0.04*
MRI meMFT_th % diff from unloaded
KL ¼ 0 8 4.19 3.98 1.05 P ¼ 0.02* 7.51 8.12 P ¼ 0.02*
KL ¼ 2 9 4.24 5.05 0.84 P ¼ 0.04* 0.36 0.86 P ¼ 0.05 *
KL ¼ 3 8 7.39 8.88 0.83 P ¼ 0.05* 14.81 0.04 P ¼ 0.04*
Global 25 5.23 6.20 0.84 P ¼ 0.00* 7.79 2.67 P ¼ 0.00*
MRI mMFT_dist % diff from unloaded
KL ¼ 0 8 0.06 0.07 0.92 P ¼ 0.03* 0.12 0.01 P ¼ 0.05*
KL ¼ 2 9 0.10 0.19 0.55 P ¼ 0.13 0.25 0.04 P ¼ 0.11
KL ¼ 3 8 0.15 0.18 0.81 P ¼ 0.06# 0.30 0.01 P ¼ 0.03*
Global 25 0.11 0.16 0.68 P ¼ 0.00* 0.17 0.04 P ¼ 0.00*
* Represents a signiﬁcant (P < 0.05) difference from 0 and # represents a trend towards, but not achieving, signiﬁcance (P < 0.1).
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0.36%  1.91%.
The mJSW_loc_diff, had a smaller standard deviation for the
control (0.395  1.602%) than the OA (1.214  4.843%) group. The
BrowneForsythe test was performed to see if the OA group had
greater variability than the control group, but the test failed to
achieve signiﬁcance (P ¼ 0.25). A box and whisker diagram of the
absolute mJSW_loc_diff for the OA and control groups is displayed
in Fig. 5.
Relationship between loaded and unloaded measures
Pearson’s correlation coefﬁcient between loaded mJSW and
unloaded meMFT_th was 0.760. In most studies, X-rays areTable IV
Differences between mJSW_loc in prone and standing conditions
KL Prone
Distance (mm) from medial
tibial spine to mJSW
Stdev Lower 95% CI Upper 95%
KL ¼ 0 15.25 5.55 10.61 19.89
KL ¼ 2, 3 17.22 5.25 14.51 19.91
Global 16.58 5.31 14.39 18.78
Table III
Mean and standard deviation of absolute difference from unloaded
Diff (mm) Standard deviation
of diff (mm)
P-value
(t-test)
CI (low) CI (high)
X-ray absolute difference in mJSW from unloaded
KL ¼ 0 0.01 0.37 P ¼ 0.92 0.30 0.32
KL ¼ 2 0.26 0.30 P ¼ 0.03* 0.50 0.03
KL ¼ 3 0.13 0.14 P ¼ 0.04* 0.25 0.01
Global 0.13 0.30 P ¼ 0.04* 0.26 0.01
MRI absolute difference in meMFT_th from unloaded
KL ¼ 0 0.12 0.12 P ¼ 0.03* 0.22 0.02
KL ¼ 2 0.13 0.15 P ¼ 0.04* 0.24 0.01
KL ¼ 3 0.20 0.23 P ¼ 0.05* 0.39 0.00
Global 0.14 0.17 P ¼ 0.00* 0.22 0.08
MRI absolute difference in mMFT_dist from unloaded
KL ¼ 0 0.20 0.22 P ¼ 0.04* 0.39 0.02
KL ¼ 2 0.40 0.61 P ¼ 0.08# 0.87 0.07
KL ¼ 3 0.40 0.41 P ¼ 0.03* 0.74 0.05
Global 0.11 0.44 P ¼ 0.00* 0.17 0.04
# Represents a trend towards signiﬁcance in the difference between control and OA
groups (P < 0.1) and * represents a signiﬁcant difference between control and OA
groups (P < 0.05).acquired under loaded conditions and MRI is acquired with no
loading, so this correlation represents a signiﬁcant (P < 0.05) cor-
relation between the usual methods of measurement. The corre-
lation coefﬁcient between the two loaded conditions was r ¼ 0.808
(Fig. 6). The correlation coefﬁcient between the two unloaded
conditions was r ¼ 0.755. The correlations were similar between
loaded mJSW and loaded (r ¼ 0.764) and unloaded (r ¼ 0.779)
mMFT_dist.
Figures 7e9 contain BlandeAltman plots that further examine
the effect of loading on mJSW, mMFT_dist, and meMFT_th.
Figure 7(a) compares loaded vs unloaded mJSW. The 95% CI for the
difference from unloaded to loadedmJSW is0.256 to0.008 mm.
Figure 7(b) compares loaded vs unloaded meMFT_th, with a CI
of 0.216 to 0.077 mm. Figure 7(c) compares loaded vs unloaded
mMFT_dist, with a CI of 0.518 to 0.153.
Figure 8 compares the absolute difference values between
mMFT_dist vs mJSW [Fig. 8(a)] and meMFT_th vs mJSW [Fig. 8(b)].
The 95% CI of the difference between mJSW and meMFT_th from
unloaded to loaded is 0.138 to 0.168, and that for mJSW vs
mMFT_dist is 0.044 to 0.452. The variances appear larger for
mMFT_dist than for meMFT_th. It is apparent from Fig. 8(b) that the
variance of the differences is proportionally dependent upon the
value of the mean of the mJSW and meMFT_th absolute difference
values.
Figure 9 contains BlandeAltman plots comparing loaded mJSW
vs unloaded meMFT_th [Fig. 9(a)] and loaded mJSW vs loaded
meMFT_th [Fig. 9(b)]. These plots show that loading doesn’t cause
much change in the relationship between meMFT_th and loaded
mJSW. These plots also show a strong proportional bias in the
measurements, which is likely because mJSW is generally larger
than meMFT_th.
Pearson’s correlation coefﬁcient was calculated for mJSW_abs_
diff vs meMFT_th_abs_diff (r ¼ 0.178), and for mJSW percent dif-
ference vs meMFT_th percent difference (r ¼ 0.108). These values
are not statistically signiﬁcant (P > 0.05).Standing
CI Distance (mm) from medial
tibial spine to mJSW
Stdev Lower 95% CI Upper 95% CI
14.98 5.61 10.30 19.67
18.22 5.97 15.14 21.28
17.18 5.94 14.73 19.63
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Fig. 5. The normalized absolute mJSW_loc_diff separated according to whether the
subject was a control or an OA patient. The diamonds represent mean values.
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The ﬁrst hypothesis of the study, that mJSW and cartilage
thickness would change between loaded and unloaded conditions,
is supported by our ﬁndings. The loaded groups exhibited signiﬁ-
cantly smaller mJSW, meMFT_th, and mMFT_dist than the unloa-
ded groups. This would appear to lend credence to the hypothesis
that unloadedMRI may not be as relevant to loaded X-ray as loaded
MRI; however, there was not a signiﬁcantly better correlation be-
tween loaded X-ray and loaded MRI values from our study than
between loaded X-ray and unloadedMRI, nor does a BlandeAltman
plot show better agreement between the two loaded values. This
further indicates that MRI images are likely measuring a different
joint space aspect than X-ray. These ﬁndings do not support the
hypothesis that loading is the primary reason for the differencer = 0.808
r = 0.760
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Fig. 6. mJSW and MFT_th values plotted against one another. There was a strong
correlation between X-ray and MRI measures of joint space when both were loaded
(blue points). The r-value was lower when the X-ray was loaded and the MRI was
unloaded (red points), but not by a statistically meaningful amount.between X-ray and MRI measures of OA progression, as had been
previously suggested14.
Patients with mild OA experience cartilage swelling, and quali-
tative observation of Table I shows that our mean unloaded carti-
lage thickness for patients with KL ¼ 2 and 3 was greater than for
those with KL ¼ 018e21. The OA patients also had a trend towards a
larger decrease in meMFT_th from unloaded to loaded (P < 0.1, see
Table III), which could indicate greater cartilage deformity as a
result of collagen matrix degradation16,17. In the radiographs, this
observation was repeated within the KL0 and KL2 groups, but the
mean unloaded mJSW was narrower in the KL3 group than in KL2
or KL0 groups. This could indicate a greater prevalence of meniscal
degradation in the severe OA group that is not observed by MRI’s
cartilage-only measurements. A larger sample is necessary to
conﬁrm these observations.
The BlandeAltman plots in Fig. 7 have different 95% CIs for
mJSW than they do for meMFT_th. This difference in variance be-
tween mJSW and meMFT_th is statistically signiﬁcant (P ¼ 0.036)
according to the BrowneForsythe test. Examination of Figure 7
shows that the differences (y-axis) have a negative biasdwhich is
to be expected given that the loaded mean is signiﬁcantly lower
than the unloadedmean. Figure 8 shows a proportional bias; that is,
the difference between mJSW-measured absolute difference from
unloaded and meMFT_th-measured absolute difference from
unloaded depends on the mean of mJSW and meMFT_th. This is
likely to do with the fact that mJSW is generally larger, decreases
more, and has greater variance than meMFT_th. This is supported
by the fact that meMFT_th, a measure closer in size to the mJSW,
does not show this same proportional bias. Figure 9 shows pro-
portional bias in the difference between loaded mJSW and loaded/
unloaded mean medial femorotibial cartilage thickness (mMFT_th)
values. Again, this is to be expected since mJSW is consistently
larger than mMFT_th.
It is important to note that the BlandeAltman plots are not ideal
for the current analysis, because the mJSW values have greater
variance and are less repeatable than themeMFT_th values, and the
measurements are understood not to be exactly equivalent.
Though loaded and unloaded values were well correlated be-
tween radiographs and MRI, neither absolute nor percent differ-
ence from unloaded to loaded were signiﬁcantly correlated. This is
another indicator that loading does not solely account for the lack
of agreement between percent difference of X-ray and MRI in
longitudinal OA studies14. mJSW and meMFT_th measurements
likely quantify such different aspects of OA progression that their
percent changes will not be strongly correlated30,31. Our mJSW
values were consistently larger than our meMFT_th values, which
likely represents the inclusion of the meniscus in the mJSW mea-
surement, but could also be because one is a mean value and one is
a minimumvalue. That the meanmMFT_dist is closer in magnitude
to the mJSW than the meMFT_th is supports the hypothesis that
inclusion of other joint structures causes this bias.
The mJSW_loc_diff had a greater, but not statistically signiﬁcant,
variance for the OA group than for the control group. This difference
was mostly because the mJSW_loc of two of the patients with OA
movedmedially bymore than 10% of the width of the tibial plateau.
These outliers cannot be discussed statistically, but they show that
either the location of mJSW is highly dependent on subtle varia-
tions of the segmentation performed, or that in some cases of OA
the tissues of the joint may compress unevenly, changing the joint
space shape between unloaded and loaded. The medial meniscus
may play a role in this shape change; it has been found in the past to
play a large role in JSN, and our OA patients had an absolute dif-
ference from unloaded to loaded that was greater with mJSW than
me_MFT_th, indicating that something other than the articular
cartilage is likely playing a role in the joint space compression30,31.
ab
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Fig. 7. BlandeAltman plots of loaded vs unloaded values for (a) meMFT_th, (b) mJSW, and (c) mMFT_dist. All plots show the negative bias that is to be expected given that the
unloaded values are consistently higher. Additionally, the variance for meMFT_th is clearly smaller than that for mJSW or mMFT_dist. Note that the y-axis scale is different for
mMFT_dist than for the others because of some very negative outliers.
M. Marsh et al. / Osteoarthritis and Cartilage 21 (2013) 1876e18851882If this is not an artifact of segmentation, themovement of themJSW
location could have important implications for MRI knee kinematic
studies, suggesting that loading can change the joint space shape in
a way that could affect conclusions drawn from these stud-
iesdespecially in the case of patients with OA. If this is true, then
using loaded MRI rather than unloaded MRI may help ensure that
such studies accurately reﬂect true joint kinematics. This being
said, the lack of statistical signiﬁcance and the small cohort being
examined require that this kind of advice be withheld until a larger
study has been performed.
The small sample size, lack of patients with more diverse de-
grees of OA, use of only medial-compartment OA, and all-female
cohort were limitations of the study. Additionally, although effortwas made to blind the segmenter to the radiologist’s KL score for
the patient, it is easy to tell the difference between a control and an
OA knee and this may have lead to unintentional reader bias.
While radiographs are suitable for diagnosing the presence of
OA, the change in mJSW that occurs as a result of OA progression
must be understood as a combination of changes within the
meniscus as well as the articular cartilage, not as a measure of
articular cartilage loss alone.
In conclusion, the lack of agreement between mJSW and
meMFT_th is not accounted for by loading alone, although our
study found that loading changes the MRI-measured cartilage
thickness with a greater SRM than loading changes X-ray mJSW. It
is our conclusion that MRI is a more speciﬁc indicator of OA’s
ab
Fig. 8. BlandeAltman plots of mJSW absolute difference compared with (a) mMFT_dist absolute difference and (b) meMFT_th absolute difference. The 95% CI for the mean dif-
ference in Fig. 8(a) is 0.044 to 0.452 mm, and for the mean difference in Fig. 8(b) is 0.138 to 0.168 mm.
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Fig. 9. BlandeAltman plots of loaded mJSW compared with (a) unloaded meMFT_th with a 95% CI of 0.208e0.717, (b) loaded meMFT_th with a 95% CI of 0.368e0.820, (c) unloaded
mMFT_dist, with a 95% CI of 0.228 to 0.246, and (d) loaded mMFT_dist with a 95% CI of 0.099e0.589. Note the proportional bias present especially in plots (a) and (b), which is
likely due to the fact that mJSW is much larger than meMFT_th.
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M. Marsh et al. / Osteoarthritis and Cartilage 21 (2013) 1876e18851884changes to the articular cartilage than mJSW. Although this pilot
study is not enough to emphatically recommend loaded MRI over
unloaded MRI, loaded MRI should be considered especially in
studies whose purpose is to quantify cartilage mechanics. More
work should be done to determine whether loaded MRI has greater
longitudinal sensitivity to changes that occur with OA, given our
results which describe a signiﬁcant difference between loaded and
unloaded measurements, and given that this difference may be
greater for patients with OA than without.
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